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The G protein-coupled receptors in excitable cells
have prominent roles in controlling Ca2�-triggered se-
cretion by modulating voltage-gated Ca2� influx. In pi-
tuitary lactotrophs, spontaneous voltage-gated Ca2� in-
flux is sufficient to maintain prolactin release high.
Here we show that endothelin in picomolar concentra-
tions can interrupt such release for several hours down-
stream of spontaneous and high K�-stimulated voltage-
gated Ca2� influx. This action occurred through the Gz
signaling pathway; the adenylyl cyclase-signaling cas-
cade could mediate sustained inhibition of secretion,
whereas rapid inhibition also occurred at elevated
cAMP levels regardless of the status of phospholipase C,
tyrosine kinases, and protein kinase C. In a nanomolar
concentration range, endothelin also inhibited voltage-
gated Ca2� influx through the Gi/o signaling pathway.
Thus, the coupling of seven-transmembrane domain en-
dothelin receptors to Gz proteins provided a pathway
that effectively blocked hormone secretion distal to
Ca2� entry, whereas the cross-coupling to Gi/o proteins
reinforced such inhibition by simultaneously reducing
the pacemaking activity.

Calcium is the primary intracellular signaling molecule con-
trolling the fusion of secretory vesicles with the plasma mem-
brane to release transmitters from neurons and hormones from
endocrine cells (1). This process is termed regulated exocytosis
and is mediated by complex protein machinery that is con-
served in organisms ranging from yeast to mammals. These
proteins participate in docking, ATP-dependent priming, and
fusion of vesicle membranes through interactions that are still
not fully characterized (2–4). In regulated exocytosis, an in-
crease in intracellular calcium concentration ([Ca2�]i) is re-
quired for two steps: priming the secretory vesicles, which
occurs on the time scale of tens of seconds; and triggering the
fusion, which occurs within 1–2 s (1). In excitable cells, both the
depolarization-driven Ca2� entry (5) and the agonist-induced
Ca2� mobilization from intracellular stores (6) can trigger the
fusion of primed secretory vesicles.

The intracellular messenger cascades involving G proteins
(7) have prominent effects on secretion, predominantly by mod-
ulating voltage-gated Ca2� influx (VGCI)1 and Ca2� mobiliza-
tion (8–12). Other intracellular messengers triggered by G
protein-coupled receptors, including cAMP/protein kinase A
(13, 14), diacylglycerol/protein kinase C (15–17), and phos-
phatidylinositol 4,5-bisphosphate/phosphatidylinositol 3-ki-
nase (4, 18), can influence Ca2�-triggered secretion by regulat-
ing the size of the releasable secretory pool and the rate of
exocytosis. Furthermore, it has been suggested that G proteins
may inhibit synaptic transmission in neuromuscular junction
downstream of Ca2� entry mechanisms (19, 20). It appears that
the Ca2�-independent inhibition of neurotransmission occurs
through G�� subunits and their binding partners, syntaxin 1B
and SNAP25B (21). At the present time, however, the identity
of G proteins and role of G� subunits associated with G��
subunits responsible for such inhibition are unknown. The
potential relevance of G subunits in inhibiting the fusion of
dense core vesicles and the duration of such a blockade during
the sustained firing of action potentials have also not been
clarified.

Here we studied the relevance of G proteins in controlling
the VGCI-triggered exocytosis of dense core vesicles in sponta-
neously firing pituitary lactotrophs. In these cells, the action
potential-dependent fluctuations in [Ca2�]i account for high
basal prolactin (PRL) release (22). Such an intrinsic PRL re-
lease is controlled in vivo by three types of Gi/o protein-coupled
receptors: dopamine, somatostatin, and endothelin (ET) (11).
Parallelism in the actions of ET-1 in a nanomolar concentration
range on Ca2� signaling and secretion in pituitary lactotrophs
(23) and somatotrophs (24) suggests that the rate of exocytosis
in these cells reflects the pattern of Ca2� signaling. Our pres-
ent results, however, indicate that ET receptors can inhibit
PRL release independently of the status of Ca2� signaling. We
also present evidence that ET-1 desensitizes Ca2� secretion
coupling through Gz signaling pathway.

MATERIALS AND METHODS

Cell Cultures—Experiments were performed on anterior pituitary
cells from normal postpubertal female Sprague-Dawley rats obtained
from Taconic Farm (Germantown, NY). Pituitary cells were dispersed
and cultured as mixed cells or enriched lactotrophs in medium 199
containing Earle’s salts, sodium bicarbonate, 10% heat-inactivated
horse serum, penicillin (100 units/ml), and streptomycin (100 �g/ml). A
two-stage Percoll discontinuous density gradient procedure was used to
obtain enriched lactotrophs, and further identification of lactotrophs in
single cell studies was done by the addition of thyrotropin-releasing
hormone (25).

PRL and cAMP Measurements—Cells (1 million/well) were plated in
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24-well plates in serum-containing M199 and incubated overnight at
37 °C under 5% CO2-air and saturated humidity. Prior to the experi-
ments, cells were washed with serum-free medium and stimulated at
37 °C under 5% CO2-air and saturated humidity for 120 min if not
otherwise stated. Hormone secretion was also monitored using cell
column perifusion experiments. Briefly, 1.2 � 107 cells were incubated
with preswollen Cytodex-1 beads in 60-mm Petri dishes for 24 h. The
beads were then transferred to 0.5-ml chambers and perifused with
Hanks’ M199 containing 25 mM HEPES, 0.1% bovine serum albumin,
and penicillin (100 units/ml)/streptomycin (100 �g/ml) for 2.5 h at a flow
rate of 0.8 ml/min and at 37 °C to establish stable basal secretion.
Fractions were collected at 1-min intervals, stored at �20 °C, and later
assayed for PRL and cAMP contents using radioimmunoassay. Primary
antibody and standard for PRL assay were provided by the National
Pituitary Agency and Dr. A. F. Parlow (Harbor-UCLA Medical Center,
Torrance, CA); 125I-labeled PRL was purchased from PerkinElmer Life
Sciences and secondary antibody from Sigma. Cyclic AMP was deter-
mined in both media and cell contents using specific antiserum pro-
vided by Albert Baukal (NICHD, National Institutes of Health, Be-
thesda, MD).

Single Cell Calcium Measurements—For [Ca2�]i measurements, cells
were incubated in Hanks’ M199 supplemented with 2 �M fura-2 AM
(Molecular Probes, Eugene OR) at 37 °C for 60 min. Coverslips with
cells were then washed and mounted on the stage of an Axiovert 135
microscope (Carl Zeiss, Oberkochen, Germany) attached to the Att-
ofluor digital fluorescence microscopy system (Atto Instruments, Rock-
ville, MD). Cells were examined under a 40� oil immersion objective
during exposure to alternating 340- and 380-nm light beams, and the
intensity of light emission at 520 nm was measured. The ratio of light
intensities, F340/F380, which reflects changes in Ca2� concentration, was
followed in several single cells simultaneously at the rate of 1 point/s.
The [Ca2�]i was calibrated as described previously (22).

Western Blot Analysis—Crude membranes were prepared as de-
scribed previously (26). Protein concentration was estimated by the
Bradford method with bovine serum albumin as a standard (Pierce).
Equal amounts of proteins were run on one-dimensional SDS-PAGE
using a discontinuous buffer system (Novex), and proteins were trans-
ferred to a polyvinylidene difluoride membrane (Immobilon-P, Milli-
pore, Bedford, MA) with a wet transfer and following the manufactur-
er’s recommendation. The immunodetection of G proteins was done
with Gz, Gs (Santa Cruz Biotechnology, Santa Cruz, CA), Gq, Gi1–Gi3,
Go, G12, and G13 (Calbiochem) �-protein-specific antibodies. �-Actin was

detected using monoclonal antibody produced by Oncogene Research
Products (San Diego, CA). The secondary antibodies were a goat anti-
rabbit IgG or anti-mouse IgG-IgM (Kirkegaard & Perry Laboratories,
Gaithersburg, MD). Secondary antibodies were linked to horseradish
peroxidase. The reactive bands were always determined with a luminol-
based kit (Pierce), and the reaction was detected by an enhanced chemi-
luminescence system using x-ray film.

Gz Antisense Experiments—The oligodeoxynucleotides were from
Invitrogen. The sequence of Gz� antisense oligodeoxynucleotide was
5�-CGTGATCTCACCCTTGCTCTCTGCCGGGCT-3�, whereas the se-
quence of the missense oligodeoxynucleotide was 5�-CCCTTATT-
TACTTTCGCC-3� (27). Both sequences were phosphorothioate-mod-
ified only at positions 5�-CC and GC-3� (28). Oligodeoxynucleotides
were dissolved in 1� TE buffer, containing 10 mM Tris, pH 8.0, and
0.1 mM EDTA, according to the recommendation of the producer. A
purified lactotroph fraction of cells were plated in 24-well plates (106

cells/ml/well) and cultured for 6 h in culture medium enriched with
10% horse serum. Then the medium was replaced, and 0.25 nmol of
antisense or missense oligodeoxynucleotides in 2 �l of TE buffer/well
was applied every hour during the following 36-h time period,
whereas the cells in control wells received an equal volume of TE
buffer alone. After that medium was changed, the procedure was
repeated for an additional 36 h.

Calculations—The time course of PRL release was fitted to a single
exponential function (ae�kt � b) using GraphPad Prism (GraphPad
Software, Inc., San Diego, CA) to generate the rates of signaling desen-
sitization (k). Concentration-response relationships were fitted to a
four-parameter logistic equation using a nonlinear curve-fitting pro-
gram, which derives 50% efficient concentrations (EC50) and 50% in-
hibitory concentrations (IC50) (Kaleidagraph, Synergy Software Tech-
nologies, Reading, PA). In the figures, the results shown are means �
S.E. from sextuplicate determination in one of at least three similar
experiments, and asterisks indicate a significant difference (p � 0.01)
among means, estimated by Student’s t test.

RESULTS AND DISCUSSION

ET Inhibits Extracellular Ca2�-dependent Basal PRL Re-
lease—Lactotrophs exhibit spontaneous firing of action poten-
tials; the associated Ca2� transients are sufficient to maintain
PRL release at high and steady levels in cells in population for
many hours (22). Such secretion is termed intrinsic, spontane-

FIG. 1. Characterization of ET-induced Ca2� signaling and secretion in pituitary lactotrophs. A, left, extracellular calcium dependence
of basal PRL release in perifused pituitary cells; representative trace from eight experiments. A, middle, time course of ET-induced PRL release
in pituitary cells perifused with Ca2�-containing medium, representative trace from 36 experiments. A, right, time course of ET-induced PRL
release in pituitary cells perifused with Ca2�-deficient medium, representative trace from three experiments. B, time course of PRL release in static
pituitary cells in the presence and absence of ET-1 (mean values with n � 6; S.E. are within circles). C, the lack of effect of inhibitors of protein
synthesis, brefeldin and cycloheximide (Cyclohex.), on ET-induced PRL release. D, bidirectional effects of ET-1 on calcium signaling (left) and PRL
release (right). The averaged Ca2� profile was obtained from 15 single lactotrophs, and the secretory profile was generated from five perifusion
experiments. In this and the following figures, gray areas indicate the duration of ET-1 application. Secretory studies were done in unpurified cells,
and Ca2� measurements were done in single identified lactotrophs.
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ous, or basal (12). Fig. 1A, left, illustrates the extracellular
Ca2� dependence of basal PRL release in pituitary cells peri-
fused at a flow rate of 0.8 ml/min. Perifusion chambers con-
taining 12 � 106 cells (with an estimated number of lactotrophs
of 2 � 106) released between 30 and 90 ng of PRL/min (mean
value from 40 experiments � 55.2 � 4.4 ng/min), corresponding
to �15–45 fg/min PRL released per cell. Depletion of extracel-
lular Ca2� induced a decrease in PRL release to 6.3 � 0.8 ng/ml
(n � 8), and the reconstitution of Ca2� led to a full recovery of
secretion with a transient overshot (Fig. 1A). There was also a
progressive accumulation of PRL in the medium during a 16-h
incubation of cells in static cultures (Fig. 1B). The estimated
rate of release per cell ranged between 20 and 40 fg/min. Basal
PRL secretion was not immediately affected by the inhibition of
de novo PRL synthesis, as documented in experiments with the
application of brefeldin and cycloheximide (Fig. 1C).

Spontaneous PRL release may be enhanced by the Gq/11-
coupled thyrotropin-releasing hormone and angiotensin II re-
ceptors (9, 23) and inhibited by Gi/o-coupled dopamine and
somatostatin receptors (11). G protein-coupled ET receptors
(29) are also present in pituitary cells and participate in the
control of secretion (30). Several reports suggest that the ET-A
subtype of these receptors is expressed in anterior pituitary
cells (24, 31–33), whereas the ET-B receptor subtype may be
expressed in the intermediate lobe of the gland (34).

The activation of ET receptors in lactotrophs mimics the
actions of both Gq/11 and Gi/o protein-coupled receptors on Ca2�

signaling and PRL secretion (23, 35–39). Perifusion experi-
ments revealed the presence of two phases in the action of ET-1
on PRL release: a rapid and transient increase in PRL release
and a sustained decrease in secretion below the basal levels

(Fig. 1A, center; hereafter the bidirectional response). As in
cells perifused with Ca2�-deficient medium, PRL secretion
dropped to 5.9 � 0.7 ng/ml (n � 36) during the sustained ET-1
application, clearly showing that this agonist blocks Ca2� influx-
dependent PRL release. In cells perifused with Ca2�-deficient
medium, ET induced only monophasic response (Fig. 1A, right).
In cells in static cultures, the application of 100 nM ET-1
induced a long lasting inhibition of PRL release, whereas the
stimulatory effect was not visible (Fig. 1B).

The ET-induced decrease in PRL release was not related to
the status of PRL synthesis or the depletion of the secretory
pool (Fig. 1C). Our previous work (23) shows the parallelism in
the actions of 100 nM ET-1 on [Ca2�]i and PRL secretion. Fig.
1D illustrates such an example. The Ca2� trace shown repre-
sents the mean value from 15 single lactotrophs, and the se-
cretory profile was generated from 5 perifusion experiments.
Both the extracellular Ca2� dependence of PRL release (Fig.
1A) and the bidirectional effects of ET-1 on Ca2� and PRL
release (Fig. 1D) are consistent with the hypothesis that the
rate of PRL release in these cells reflects changes in [Ca2�]i.

ET Inhibits Basal PRL Release Downstream of VGCI—Sin-
gle cell Ca2� analysis showed that the pattern of ET-1-induced
Ca2� response varies among cells. In the majority of spontane-
ously active lactotrophs, [Ca2�]i fluctuated between 0.7 and 1.5
values when expressed as F340/F380 with a mean value of
0.94 � 0.08 (n � 21), which corresponds to about 350 nM. 100
nM ET-1 induced an initial spike increase in [Ca2�]i and a
sustained decrease in [Ca2�]i below the resting level (Fig. 2A,
center). The mean value of [Ca2�]i during the sustained ET
application was 0.63 � 0.06 (n � 35), which corresponded to
about 100 nM. Depletion of extracellular Ca2� also decreased

FIG. 2. Dissociation between Ca2� signaling and secretion in ET-stimulated lactotrophs. A, typical patterns of ET-induced changes in
[Ca2�]i in single lactotrophs: monophasic response in quiescent cells (left; 42 of 95 cells), bidirectional response in spontaneously active cells
(middle; 44 of 95 cells), and inhibition of Ca2� transients without triggering calcium mobilization (right; 9 of 95 cells). B, the lack of effect of
subnanomolar ET-1 on [Ca2�]i in single lactotrophs; representative traces from at least 10 cells/group. C, dose-dependent effects of ET-1 on PRL
release in cells in static cultures incubated for 2 h. D, PRL secretory profiles in cells perifused with variable concentrations of ET-1. E,
dose-dependent effects of ET-1 on spike PRL release. F, dose-dependent effects of ET-1 on the rates of inhibition of PRL release in cell perifusion
experiments. A mono-exponential function (solid lines) was used to fit experimental data (open circles). For clarity, data showing stimulatory effects
of ET-1 have been removed, and basal PRL release prior to agonist application is indicated by dotted lines. G, dose-dependent effects of ET-1 on
rates (left) and levels (right) of PRL inhibition. Vertical dotted lines illustrate the calculated IC50 and EC50 values. Data shown are means � S.E.
from sextuplicate incubations in one of four similar experiments (C) and means � S.E. from three independent experiments (E and G). All of the
experiments were done with unpurified pituitary cells.
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[Ca2�]i to comparable levels (F340/F380 � 0.62 � 0.05; n � 21).
In some cells, only the second phase was observed (Fig. 2A,
right). In silent cells, the mean F340/F380 value of [Ca2�]i
(0.67 � 0.05, n � 14) was highly comparable with that observed
in ET-stimulated cells during the sustained application. In
such cells, ET induced a monophasic stimulatory response (Fig.
2A, left). The transient spike phase was observed upon ET-1
stimulation with concentrations of 1 nM or higher but with
variable occurrences: 71% (24 of 34) of the cells responded to
100 nM, 28% (9 of 32) of the cells responded to 10 nM, and 9% (3
of 34) of the cells responded to 1 nM. The spike response was not
observed in any cells stimulated with 0.1 nM (Fig. 2B) and lower
ET-1 concentrations. The inhibition of spontaneous VGCI also
occurred in the 1–100 nM ET-1 concentration range. For exam-
ple, Ca2� transients were stopped in 56% (19 of 34) of the cells
stimulated with 100 nM ET-1, in 25% (8 of 32) of the cells
stimulated with 10 nM ET-1, and in none of the cells stimulated
with 0.1 nM (Fig. 2B) and lower concentrations. The lack of
effect of picomolar concentrations of ET on [Ca2�]i was inde-
pendent of the duration of agonist application, as no changes in
the pattern of signals in spontaneously active cells were ob-
served during a 30-min incubation (mean value of [Ca2�]i,
0.93 � 0.07 or about 350 nM, n � 17). The roughly estimated
EC50 and IC50 values were on the order of 10 nM in magnitude.

In contrast to Ca2�, ET-1 inhibited PRL release in static
cultures with a calculated IC50 of 9 pM (Fig. 2C), a thousand-
fold leftward shift in the potency of ET-1 to stop spontaneous
Ca2� transients. In perifused pituitary cells, ET-1 was also able
to inhibit PRL release when added in 0.1 and 0.01 nM concen-
trations, whereas the spike PRL response was observed only if
the concentration of ET-1 exceeded 0.1 nM (Fig. 2D), with a
calculated EC50 of 13 nM (Fig. 2E). The detailed kinetic analysis
of PRL secretion (Fig. 2F) revealed that the rate of inhibition
increased with the elevation of agonist concentration (Fig. 2G,
left). On the other hand, the plateau levels of inhibition after 20
min of stimulation were comparable in a 1 pM to 1 �M concen-
tration range of ET-1 (Fig. 2G, right), amounting to 6.2 � 0.7

ng/ml (n � 12) during the sustained application of 10 nM and,
when stimulated with 100 pM, to 6.8 � 0.9 ng/ml (n � 6). In
cells perifused with ET-1 for longer than 30 min, there was a
gradual recovery in PRL release, and the rates of this recovery
inversely correlated with agonist concentrations (data not
shown). These studies indicate that in the picomolar concen-
tration range ET-induced blockade of PRL secretion is inde-
pendent of the VGCI status.

ET Inhibits PRL Release in a Phospholipase C- and Tyrosine
Kinase-independent Manner—Pituitary cells express the full
repertoire of G� proteins (Fig. 3A). In contrast to other cell
types (26, 40), the application of agonist in pituitary cells did
not decrease the plasma membrane localization of any of the �
subunits, indicating that this method cannot be used to identify
the G proteins activated by ET receptors (Fig. 3A). The agonist-
induced blockade of PRL release was not affected in cells in
which tyrosine kinases were inhibited by genistein (Fig. 3B).
Previous studies showed the coupling of pituitary ET receptors
to Gq/11 and activation of phospholipase C, leading to an in-
crease in inositol 1,4,5-triphosphate production and subse-
quently to Ca2� mobilization from intracellular stores (23, 41).
Consistent with these findings, in cells treated with U73122, a
phospholipase C inhibitor, the spike phase of ET-induced PRL
release was reduced, but the inhibitory phase was not affected
(Fig. 3C). Furthermore, the ET-induced bidirectional pattern of
PRL release was not changed in cells with protein kinase C
inhibited by bisindolylmaleimide (Fig. 3D). Thus, the coupling
of ET receptors to the phospholipase C signaling pathway is not
responsible for sustained inhibition of basal PRL release.

Coupling of ET Receptors to Gi/o Proteins—Experiments with
the pertussis toxin (PTX) indicated that the coupling of ET
receptors to Gi/o proteins provides an effective mechanism for
the inhibition of spontaneous VGCI by activating inwardly
rectifying K� channels (39). As shown in Fig. 4A, the bidirec-
tional response of [Ca2�]i typically observed in control cells
during the application of ET-1 (top left) was replaced with a
biphasic response in cells treated overnight with PTX, which

FIG. 3. Independence of ET-induced
inhibition of PRL release of phospho-
lipase C and tyrosine kinases. A, ex-
pression of G� proteins in pituitary cells.
Western blot analysis was done in mem-
brane fractions from controls (Con.) and
pituitary cells treated with 100 nM ET-1 for
20 min. B, the lack of effect of genistein, a
tyrosine kinase inhibitor, on ET-1-induced
PRL release. C, effects of U73122 (10 �M), a
phospholipase C inhibitor, on spike re-
sponse. D, the lack of effect of bisindolyl-
maleimide (BSM), a protein kinase C in-
hibitor, on ET-1-induced PRL release. All
of the experiments were done with unpuri-
fied pituitary cells. Traces shown are rep-
resentative of three similar experiments.
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was composed of an early spike phase and a sustained plateau
phase of elevated [Ca2�]i (top right). In contrast to Ca2� sig-
naling, the bidirectional pattern of ET-induced PRL secretion
was not affected by PTX treatment, and the levels of sustained
secretion inhibition were comparable between controls and
PTX-treated cells (Fig. 4A, bottom). The inhibition of PRL re-
lease by ET-1 was also observed in PTX-treated static cultures
of pituitary cells (Fig. 4B, bottom). Furthermore, the ET-1 was
unable to decrease [Ca2�]i in high K�-depolarized cells but
decreased PRL release to the levels observed in control cells
(Fig. 4, C and D). Thus, the ET-induced blockade of PRL secre-
tion is independent of the VGCI status, and the G proteins
other than Gi/o and Gq/11 play a role in stopping PRL release at
elevated [Ca2�]i.

Coupling of ET Receptors to Gz Proteins—Interestingly, the
coupling of pituitary ET receptors to the Gi/o signaling pathway
did not account for the attenuation of adenylyl cyclase activity.
In control cells in a static culture, ET-1 decreased cAMP pro-
duction in a dose-dependent manner with an IC50 of �10 pM

(Fig. 4B, top left) comparable with that observed for the inhi-
bition of PRL release in the same experiment (bottom left). In
cells treated overnight with PTX, the ET-induced attenuation
of adenylyl cyclase activity (Fig. 4B, top right), as well as its

blockade on PRL release (bottom right), was maintained. The
lack of effect of PTX-treatment on ET-induced inhibition of
cAMP production is consistent with published findings in other
cell types, indicating a role of PTX-insensitive Gz� in control of
adenylyl cyclase activity (42).

To prevent the coupling of ET receptors to Gz-dependent
signaling pathways, we used two experimental approaches. In
the first series of experiments, cells were stimulated with phor-
bol esters, which should silence the Gz signaling pathway
through the protein kinase C-dependent phosphorylation of the
Gz� subunits (43, 44). Pituitary cells in static cultures were
treated with 100 nM ET-1 in the presence or absence of 100 nM

phorbol 12-myristate 13-acetate (PMA). As shown in Fig. 5A,
left, cAMP accumulation in control cells was inhibited by ET-1
in a time-dependent manner. In PMA-treated cells, however,
such inhibition was not observed, indicating that the negative
coupling of ET receptors to adenylyl cyclase was lost (Fig. 5A,
right). Parallel to the effects of ET-1 on cAMP, PRL release was
inhibited during the sustained agonist application in control
cells (Fig. 5B, left) but not in PMA-treated cells (right). In
perifused pituitary cells, the ET-induced inhibition of PRL

FIG. 4. Independence of ET-induced inhibition of PRL release
of Gi/o coupling. A, patterns of ET-induced Ca2� signaling (top) and
PRL secretion (bottom) in controls (left) and cells pretreated overnight
with 250 ng/ml PTX (right). Ca2� traces shown are means from 32
records (left) and 35 records (right). For PRL, results shown are means
from five columns (left) and eight columns (right). B, dose-dependent
effects of ET-1 on cAMP accumulation (top) and PRL release (bottom) in
controls (left) and PTX-treated (right) pituitary cells in static culture
are indicated. Cells were treated overnight with 250 ng/ml PTX, and
cAMP levels were measured in both cell extracts (content) and medium
(released) and expressed as combined values (mean � S.E., n � 6). PRL
was measured in medium from the same samples. Endogenous phos-
phodiesterase activity was attenuated by the addition of 1 mM 3-isobu-
tyl-1-methylxanthine. C and D, characterization of effects of ET-1 on
[Ca2�]i (C) and PRL release (D) in high K�-depolarized cells. The Ca2�

trace represents the mean from 14 individual cells. Experiments were
done in unpurified cells (A, bottom, and D) or purified lactotrophs (B),
and Ca2� measurements were done with single identified lactotrophs
(A, top, and C).

FIG. 5. Coupling of ET receptors to Gz signaling pathway in
pituitary cells. Effect of phorbol ester (PMA) on 100 nM ET-induced
cAMP/Ca2� signaling and PRL release. Time course of ET-1 (100 nM)
effects on cAMP accumulation (A) and PRL release (B) in control cells (left)
and PMA (100 nM)-treated cells (right) in static culture are indicated.
Asterisks indicate significant differences between pairs (mean values �
S.E.; n � 6). The endogenous phosphodiesterase activity was attenuated
by 1 mM 3-isobutyl-1-methylxanthine. C, effects of PMA on ET-induced
Ca2� signaling (right) and PRL release (left) in perifused pituitary cells;
representative traces from four experiments (PRL) and 18 cells ([Ca2�]i).
All of the experiments were done using purified lactotrophs, and Ca2�

measurements were done with identified cells.
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release was abolished in the presence of PMA even though the
pattern of Ca2� signaling was not affected (Fig. 5C), although
one might expect that the lowering of [Ca2�]i by sustained
application of ET would attenuate the underlying secretion
rate. Note also the increased amplitude of the spike response in
PMA-treated cells (Fig. 5C, left) compared with controls (Figs.
1–4), a finding consistent with the role of protein kinase C in
the sensitization of Ca2� secretion coupling (15–17).

The possibility that the activation of protein kinase C makes
intrinsic secretion independent of or less dependent on extra-
cellular Ca2� influx prompted us to perform experiments with
the down-regulation of Gz� expression in lactotrophs. For this
purpose, we continuously treated cells for 72 h with specific
antisense phosphorothio-modified oligodeoxynucleotides,
whereas control cells were treated with missense phosphoro-
thio-modified oligodeoxynucleotides. Treatment with Gz�-spec-
ific antisense oligodeoxynucleotides but not missense oligo-
deoxynucleotides substantially decreased the integrated
optical density of the Gz� protein band (Fig. 6A). The negative
coupling of ET receptors to the adenylyl cyclase signaling path-
way was practically abolished in antisense oligodeoxynucleo-
tides-treated cells (Fig. 6B). In the same samples, the ET-
induced decrease of PRL release was substantially reduced
(Fig. 6C), confirming the involvement of a Gz signaling

pathway in the inhibitory actions of ET receptors on
Ca2�-triggered exocytosis.

The finding that ET-1 inhibits both cAMP production and
PRL release in lactotrophs may indicate a role for protein
kinase A in controlling secretion, as observed in other cell types
(14). To test this hypothesis, pituitary cells were perifused with
forskolin, an activator of adenylyl cyclase. This treatment dra-
matically increased cAMP release (Fig. 7A, top). The applica-
tion of 100 nM ET-1 to the cells before cAMP release reached
the steady state immediately decreased the rate of release,
indicating that ET-1 was able to attenuate adenylyl cyclase
activity even in the presence of forskolin. However, the levels of
cAMP in forskolin-treated cells during the sustained ET-1
stimulation were higher than those observed in controls (Fig.
7A, top). Measurements of PRL content in the same samples
revealed an increase in secretion during the forskolin treat-
ment. Furthermore, the application of 100 nM ET-1 in the
presence of forskolin was followed by a decrease in PRL release.
Finally, there was a rapid recovery of PRL release in forskolin-
treated cells after the removal of ET-1, in contrast to control
cells (Fig. 7A, bottom).

To exclude the possible nonspecific effects of forskolin on
PRL secretion, the cell-permeable 8-cAMP analog, 8-bromo-
cAMP, was used. Application of this compound mimicked the
action of forskolin on basal PRL release. In addition, upon the
application of ET-1 there was a sustained attenuation of PRL
release, and removal of ET-1 was followed by a rapid recovery
of PRL release above basal levels (Fig. 7B). The transient
inhibitory effect of ET-1 on PRL release was also observed in
forskolin-treated cells (Fig. 7C), in which agonist-induced inhi-
bition of VGCI was blocked by overnight treatment with PTX
(Fig. 4A), as well as in forskolin-treated cells during the appli-
cation of 0.1 nM ET-1 (Fig. 7D), a concentration that does not
affect spontaneous VGCI (Fig. 2B). Thus, although in these
experimental conditions both cAMP and [Ca2�]i were elevated,
the inhibitory effect of ET-1 on PRL release was maintained.
However, this effect was not as prominent as in control cells,
and the recovery of secretion was initiated even in the presence
of ET-1.

Concluding Remarks—Our results show that the coupling of
receptors to Gi/o proteins and the subsequent silence of pace-
maker activity (39) through activation of inwardly rectifying
K� channels and inhibition of voltage-gated Ca2� channels (45,
46) are not sufficient to conclude that this particular pathway
mediates the inhibition of secretion. Two lines of evidence
support this conclusion. First, ET inhibits basal PRL secretion
in picomolar concentrations, which do not affect spontaneous
VGCI. Second, in cells with Gi/o coupling blocked by PTX, ET
inhibits secretion but not VGCI. These results indicate that ET
inhibits PRL secretion through the intracellular mechanism
that is downstream of VGCI. Thus, the G protein-mediated
inhibition of secretion distal to Ca2� influx is not unique for
synaptic transmission (19–21) but also occurs in endocrine
cells involving dense core vesicles.

Here we show for the first time that the heterotrimeric Gz

proteins provide a pathway through which ET receptors can
stop secretion for a prolonged period of time without preventing
pacemaking activity. Again, two lines of evidence support this
conclusion. First, experiments with phorbol esters, which si-
lence the Gz signaling pathway through the protein kinase
C-dependent phosphorylation of the Gz� subunits (43, 44), in-
dicated that the inhibitory action of ET was lost. This finding,
however, should be taken with reservation because of the com-
plex actions of protein kinase C on exocytosis (15–17, 47).
However, more conclusive results were obtained by down-reg-
ulating the Gz expression.

FIG. 6. Effects of down-regulation of Gz expression in pituitary
cells on ET-induced cAMP signaling and PRL release. A, Western
blot analysis of Gz� expression in membrane fractions from controls and
cells treated with Gz�-specific antisense and missense oligodeoxynucle-
otides. cAMP (B) and PRL release (C) in controls and pituitary cells
exposed to antisense and missense oligodeoxynucleotides in either the
absence (open bars) or the presence (filled bars) of 100 nM ET-1. After a
72-h treatment with oligodeoxynucleotides, cells were washed and stim-
ulated with ET-1 for 2 h. cAMP was measured only in medium because
the cell content was used for Western blot analysis. The endogenous
phosphodiesterase activity was attenuated by 1 mM 3-isobutyl-1-meth-
ylxanthine. *, p � 0.01 versus basal secretion; **, p � 0.01 versus
missense treatment. All of the experiments were done using purified
lactotrophs.
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Our results are consistent with the participation of both
arms of Gz proteins, � and ��, in an ET-induced inhibition of
PRL release downstream of VGCI. The Gz�-mediated attenu-
ation of adenylyl cyclase activity in pituitary cells may account
for the sustained inhibition of PRL release during ET applica-
tion and the slow recovery of secretion after agonist removal. In
accordance with this, it has been shown recently that protein
kinase A-dependent phosphorylation of SNAP25 increases the
size of slowly and rapidly releasable secretory vesicle pools
without affecting the kinetics of vesicle fusion (13, 14). How-
ever, to what extent the Gz�-mediated inhibition of adenylyl
cyclase in lactotrophs leads to depletion of the primed secretory
vesicle pool during the sustained agonist stimulation in normal
physiological situations (in cells without inhibited phosphodi-
esterases) needs further evaluation.

Furthermore, the rapid decrease in PRL release induced by
ET-1 at basal and elevated cAMP levels, as well as the inhibi-
tion of PRL release in cells in static cultures with inhibited
phosphodiesterases, suggests the role of Gz�� in controlling
exocytosis. This conclusion is in accordance with the findings in
other cell types about the role of G�� subunits in control of
secretion independently of their actions on adenylyl cyclase,
phospholipase C-�2, and several tyrosine kinases (21). Recent
experiments by Martin and co-workers (48) in permeabilized
PC12 cells demonstrated that G protein �� directly regulates
soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) protein fusion machinery for secretory gran-
ule exocytosis. This action occurs rapidly and affects ATP-
primed secretory vesicles. The C terminus of SNAP25, which
links synaptotagmin I to the SNARE complex, may represent a
target of G�� for such inhibition (48, 49).

Therefore, it is reasonable to suggest that the liberation of
Gz�� represents the primary factor in ET-induced inhibition
of VGCI-dependent PRL secretion, whereas the liberation of
Gi/o�� reinforces such inhibition by simultaneously reducing
the pacemaker activity through the activation of inwardly
rectifying K� channels and the inhibition of voltage-gated Ca2�

channels. If so, this could indicate the specificity of �� subunits
in controlling the functions of effectors.
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